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A p p a r a t u s  u s e d  i n  p r e v i o u s  work f o r  s t u d i e s  of c o h e s i o n  (bond- 
i n g  of  s i m i l a r  m e t a l s )  w a s  m o d i f i e d  t o  p e r m i t  s t u d i e s  of a d h e s i o n  
(bond ing  o f  d i s s i m i l a r  m e t a l s )  i n c l u d i n g  i n d e x i n g  d e v i c e s  p e r m i t t i n g  
t e s t s  on e i g h t  s ample  p a i r s  f o r  a s i n g l e  vacuum pumpdown o p e r a t i o n  
were b u i l t  and  are  d e s c r i b e d .  
M o d i f i c a t i o n  of t h e  s p o o l  p i e c e  which  h o u s e s  t h e  a p p a r a t u s  was 
r e q u i r e d  t o  p e r m i t  v a r i o u s  c l e a n i n g  t e c h n i q u e s  t o  be u s e d ,  
Adhesion s t u d i e s  r e q u i r e  a s u r f a c e  c l e a n i n g  o p e r a t i o n  n o t  re- 
q u i r e d  i n  t h e  p r e v i o u s  c o h e s i o n  work i n  which  s p e c i m e n s  were 
f r a c t u r e d  a n d  r e j o i n e d .  Two i o n  guns  a n d  a w i r e  b r u s h i n g  d e v i c e  
were c o n s t r u c t e d  f o r  s u c h  c l e a n i n g .  The i o n  gun d e s i g n  is d i s c u s s e d  
h e r e i n ,  a n d  t h e  r e a s o n s  for u s i n g  guns  r a t h e r  t h a n  s i m p l e  glow d i s -  
c h a r g e  a r e  d i s c u s s e d .  T h e  i o n  gun w a s  c o n s t r u c t e d  and t e s t e d  f o r  
c l e a n i n g  a b i l i t y  u s i n g  beam c u r r e n t  and  c o h e s i o n  t e s t i n g  a s  a measu re  
of d e s i g n  s u c c e s s .  While  t h e  gun e l e c t r i c a l l y  pe r fo rmed  w e l l ,  no 
c o h e s i o n  was o b t a i n e d  i n  s e v e r a l  t e s t  series a t  a n  ambien t  1 0  t o r r  -8 
e v e n  a f t e r  l o n g  c l e a n i n g  t i m e s .  
R o t a r y  w i r e  b r u s h  c l e a n i n g  t e s t s  a t  v a r i o u s  t e m p e r a t u r e s  
be tween  2 5 "  a n d  140°C gave  c o h e s i o n  be tween c o p p e r  spec imen p a i r s  up 
t o  a b o u t  one  h a l f  t h e  a p p l i e d  f o r c e .  Adhes ion  t e s t s  be tween d i s s i m i l a r  
m e t a l  p a i r s  r e s u l t e d  f r e q u e n t l y  i n  s i g n i f i c a n t  a d h e s i o n ,  up t o  two 
t h i r d s  t h e  y i e l d  stress of the s o f t e r  m a t e r i a l .  
Some o f  t h e  p a r a m e t e r s  found t o  i n f l u e n c e  a d h e s i o n  between m e t a l  
s p e c i m e n s  a r e  t e m p e r a t u r e  ~ i n t e r f a c e ,  stress, d e g r e e  of  c l e a n l i n e s s ,  
a n d  f l o w  s t r e s s  a s  measured  by B r i n e l l  h a r d n e s s  number.  0 
FORWARD 
- -  
T h i s  is  t h e  f i n a l  r e p o r t  on  work pe r fo rmed  u n d e r  Amendment 
Number 1 of C o n t r a c t  NASw-734 between t h e  H a t i o n a l  R e s e a r c h  
C o r p o r a t i o n  and  t h e  N a t i b n a l  A e r o n a u t i c s  and Space  A d m i n i s t r a t i o n .  
The g e n e r a l  o b j e c t i v e  of t h e  p rogram was t o  o b t a i n  a d d i t i o n a l  
d a t a  on  t h e  c o n d i t i o n s  u n d e r  which me ta l s  and  a l l o y s  of  e n g i n e e r -  
i n g  i m p o r t a n c e  would a d h e r e  t o  one a n o t h e r  w i t h  s u f f i c i e n t  t e n a c i t y  
t o  h i n d e r  t h e i r  r e l a t i v e  mot ion  o r  s e p a r a t i o n  of components  of 
m e c h a n i c a l  o r  e l e c t r i c a l  d e v i c e s  u s e d  i n  s p a c e  e x p l o r a t i o n .  T y p i c a l  
d e v i c e s  i n c l u d e  b e a r i n g s ,  h i n g e s ,  s o l e n o i d s ,  v a l v e s ,  e t c .  
The m a t e r i a l s  s p e c i f i e d  i n  t h e  c o n t r a c t  f o r  s t u d y  w e r e :  
Copper 
Copper  B e r y l l i u m  Al loy  440C S t a i n l e s s  S t e e l  
SAE 1 G 1 8  S t e e l  T i t a n i u m  
SAE 4140 S t e e l  Coin  S i l v e r  
Each of  t h e  above  a l l o y s  was t o  b e  t e s t e d  i n  b o t h  t h e  f u l l y  
h a r d e n e d  and f u l l y  a n n e a l e d  c o n d i t i o n s .  A m a j o r  v a r i a b l e  i n  t h e  
p rogram was h a r d n e s s  a l t h o u g h  t h e  e f f e c t  of i o n  bombardment c l e a n -  
i n g  w a s  compared t o  t h e  e f f e c t  of w i r e  b r u s h i n g  ( a b r a s i o n )  a s  a 
c l e a n i n g  method.  
In a d d i t i o n  t o  t h e  m a t e r i a l s  s p e c i f i e d  a b o v e ,  t h e s e  a d d i t i o n a l  
m e t a l s  were t e s t e d :  
Commerc ia l ly  P u r e  Aluminum . 1100 A l l o y  
Aluminum A l l o y  . . . . . . . 2024-0 and  T6 
Aluminum A l l o y  . , . . . , . 6061-0 and  T4 
Pure  S o f t  Gold 
- i v  - 
T h i s  work was a c o n t i n u a t i o n  of work on t h e  c o h e s i o n  of c o p p e r  
t o  c o p p e r  and  of s tee l  t o  s tee l  pe r fo rmed  u n d e r  NASA C o n t r a c t  
NASr-48. 
Major c o n t r i b u t o r s  t o  t h i s  p r o j e c t  were F.  J .  B r o c k ,  Program 
D i r e c t o r ;  John  L. H a m ,  Resea rch  A s s o c i a t e ;  P a u l  L .  V i t k u s ,  P r o j e c t  
E n g i n e e r ;  Lloyd R .  A l l e n ,  Resea rch  A s s o c i a t e  and  P r o j e c t  E n g i n e e r ;  
and  George  R e i c h e n b a c h ,  A s s o c i a t e  P r o f e s s o r  and  C o n s u l t a n t ,  
M a s s a c h u s e t t s  I n s t i t u t e  of Technology.  
- v -  
I NTRODUCT I ON 
R e s e a r c h  on  t h e  t e n d e n c y  of  c l e a n  metals t o  a d h e r e  i n  h i g h  
vacuum h a s  been  c a r r i e d  on a t  N a t i o n a l  R e s e a r c h  C o r p o r a t i o n  f o r  
t h e  p a s t  f i v e  y e a r s  u n d e r  NASA C o n t r a c t s  NASr-48 a n d  NASw-734 and  
u n d e r  t h i s  e x t e n s i o n  as  NASw-734,Amendment Number 1. 
The g e n e r a l  o b j e c t i v e  h a s  been t o  o b t a i n  a d d i t i o n a l  i n fo rma-  
t i o n  a s  t o  t h e  c o n d i t i o n s  u n d e r  wh ich  metals a n d  a l l o y s  of  e n g i n e e r -  
i n g  i m p o r t a n c e  f o r  s p a c e  a p p l i c a t i o n s  w i l l  a d h e r e  t o  one  a n o t h e r  
w i t h  s u f f i c i e n t  t e n a c i t y  t o  h i n d e r  t h e  r e l a t i v e  m o t i o n  o r  s u b s e q u e n t  
s e p a r a t i o n  of  components  of m e c h a n i c a l  and  e l e c t r i c a l  d e v i c e s  u s e d  
i n  s p a c e  e x p l o r a t i o n .  Such d e v i c e s  i n c l u d e  b e a r i n g s ,  s o l e n o i d s ,  
v a l v e s ,  s l i p  r i n g s ,  m a t i n g  f l a n g e s ,  c o n i c a l  r e n d e z v o u s  m a t i n g  s u r -  
f a c e s , e t c .  
Even a sma l l  amount of a d h e s i o n  would be d i s a s t r o u s  i n  many 
cases  on a s p a c e  v e h i c l e .  Power on s u c h  c r a f t  is o r d i n a r i l y  v e r y  
l i m i t e d  and  m e c h a n i c a l  components must work f r e e l y  and  even  a few 
o u n c e s  a d h e s i o n  f o r c e  may c a u s e  f a i l u r e .  T h e r e  i s ,  t h e r e f o r e ,  a n  
i m p o r t a n t  r e q u i r e m e n t  f o r  q u a n t i t a t i v e  d a t a  on a d h e s i o n .  
T e c h n i q u e s  were d e v e l o p e d  i n  p r e v i o u s  programs f o r  e v a l u a t i n g  
t h e  c o h e s i o n  of  metals  a t  v a r i o u s  t e m p e r a t u r e s  by r e p e a t e d l y  
f r a c t u r i n g  and  r e j o i n i n g  no tched  t e n s i l e  s p e c i m e n s  i n  u l t r a h i g h  
vacuum. Two t y p e s  of a p p a r a t u s  were u s e d :  1) a d i f f e r e n t i a l  ex- 
p a n s i o n  d e v i c e ,  and  2 )  a screw d r i v e  d e v i c e .  The l a t t e r  was found  
t o  b e  t h e  b e t t e r .  The maximum c o h e s i o n  o b t a i n e d  a t  room t e m p e r a t u r e  
- I -  
w a s  a b o u t  65% for c o p p e r ,  19% f o r  1018 s t e e l ,  and  0% f o r  h a r d e n e d  
52100 s t e e l .  T i m e  i n  c o n t a c t  a p p e a r s  t o  b e  a n  i m p o r t a n t  f a c t o r  f o r  
c o p p e r  a t  200°C and  above .  Both 1018 s t ee l  a n d  52100 s t e e l  were 
" s e l f - c l e a n i n g "  a t  500"C, t h e  fo rmer  showing r e p e a t e d  r e a d i n g s  n e a r  
100% c o h e s i o n ,  and  t h e  l a t t e r  i n c r e a s i n g  i n  p e r  c e n t  c o h e s i o n  w i t h  
e a c h  s u c c e s s i v e  b r e a k .  Except  f o r  s t e e l  a t  5OO0C, a n d  c o p p e r  a t  
350°C and  4 0 0 ° C ,  c o h e s i o n  dropped  on e a c h  s u c c e s s i v e  t e s t ,  
The a p p a r a t u s  w a s  t h e n  m o d i f i e d  t o  p e r m i t  spec imen  p o s i t i o n i n g  
a n d  t h u s  t h e  t e s t i n g  of  e i g h t  spec imen  p a i r s  w i t h  a s i n g l e  pump- 
d m n  of t h e  vacuum s y s t e m .  Arrangements  w e r e  made f o r  wire b r u s h i n g  
in vacuum and,'oi- f o r  i o n  bombardment j u s t  b e f o r e  joining " I ,  
f l a t - f a c e d  a n d  c h i s e l - e d g e d  spec imens  w e r e  u s e d ,  t h e  rec l a r l g u l a r  
B o t h  
faces or  c h i s e l  e d g e s  b e i n g  c r o s s e d .  A l l  tests were a t  room 
t e m p e r a t u r e  and  a t  pressures between 10 -8 a n d  lo-' to r i '  r l l r c > c  ?-[ins 
I -: 
of  Adhes ion  and  Cohes ion  of Meta l s  i n  U l t r a h i g h  Vacuum". 
A s  i n d i c a t e d  i n  t h a t  r e p o r t ,  a number of  i m p o r t a n t  q u e s t i o n s  
remained  unanswered .  I n  o r d e r  t o  answer  t h e s e ,  t h e  c o n t r a c t  w a s  
e x t e n d e d  t o  c o v e r  t h e  f o l l o w i n g  t a s k s :  
Task H De te rmine  a d h e s i o n  of  p a i r s  o f  s i m i l a r  me ta l  
spec imens  and  c o h e s i a n  of  d i s s i m i l a r  p a i r s  by 
m e a s u r i n g  t h e  f o r c e  r e q u i r e d  t o  s e p a r a t e  e a c h  
p a i r  a f t e r  c l e a n i n g  a n d  j o i n i n g  by c o m p r e s s i v e  
9 l o a d s  i n  a vacuum o r  t h e  o r d e r  o f  t o  10- . 
Task I CoriducL t e s t s  a f t e r  e i ther  w i r e  b r u s h i n g  o r  
c l e a n i n g  by i o n  bembardment ~ Per fo rm e x p e r i m e n t s  
w i t n  i o n  g u n s  i n c l u d i n g  v a r i o u s  v o l t a g e s ,  c u r r e n t s ,  
and g a s  s p e c i e s ,  i n c l u d i n g  xenon and  h y d r o g e n ,  
t o  p e r f e c t  t h i s  c l e a n i n g  t e c h n i q u e  and d e v e l o p  
methods of m o n i t o r i n g  s u r f a c e  c l e a n l i n c s s  
Task J Test v a r i o u s  m a t e r i a l  c o m b i n a t i o n s  a t  r o o m  
t e m p e r a t u r e  a n d  a t  t e m p e r a t u r e  of 2 0 0 " ~  o r  above  
u s i n g  t h e  b e s t  xenon i o n  c l e a n i n g  t e c h n i q u e  
d e v e l o p e d .  T e s t  a few c o m b i n a t i o n s  a f t e i -  p r o t o n  
bombardment c l e a n i n g  i f  t i m e  p e r m i t s  = 
- 3 -  
APPARATUS 
The a p p a r a t u s  c o n s i s t s  o f  a s t a i n l e s s  s t e e l  vacuum chamber w i t h  
t h e  a c c e s s o r i e s  n e c e s s a r y  t o  j o i n  and  s e p a r a t e  s m a l l  m e t a l  s p e c i m e n s  
i n  u l t r a h i g h  vacuum and  t o  measure t h e  f o r c e s  i n v o l v e d .  The major 
components  were d e v e l o p e d  and  used  i n  p r e v i o u s  p rograms .  
F i g u r e  1 shows t h e  l o a d i n g  and  f o r c e  m e a s u r i n g  d e v i c e s  wh ich  
communicate  w i t h  t h e  i n s i d e  a p p a r a t u s  t h r o u g h  a f l e x i b l e  metal  b e l l o w s .  
B e n e a t h  t h e  dome i n  F i g u r e  1 hangs t h e  a p p a r a t u s  shown i n  F i g u r e s  2 
a n d  3 .  S i x t e e n  s p e c i m e n s  ( e i g h t  p a i r s )  c a n  be  mounted on t h e  w h e e l s  
shown i n  Figvircs  2 and  3 ,  and p o s i t i o n e d  t o  b r i n g  d i f f e r e n t  m a t e r i a l  
c o m b i n a t i o n s  t o g e t h e r  o r  t o  expose  a g i v e n  s u r f a c e  f o r  c l e a n i n g .  
A t w e l v e - i n c h  l o n g  s p o o l  p i e c e  is now l o c a t e d  be twccn t h e  dome 
and  t h e  bowl of  F i g u r e  1, 0 
T h e  s p o o l  p i e c e s  have  windows f o r  o b s e r v i n g  t h e  s p e c i m e n s ,  and  
a b e l l o w s  m a n i p u l a t o r  f o r  p o s i t i o n i n g  a m o t o r - d r i v e n  w i r e  b r u s h  
bc twecn spec imens  t o  c l e a n  t h e  ma t ing  s u r f a c e s  j u s t  b e f o r e  j o i n i n g .  
T h e  e n t i i - e  a s s e m b l y  is  mounted on a s t a n d a r d  NRC u l t r a h i g h  
vacuum pumping s y h t e m  w i t h  3 10- inch  d i f f u s i o n  pump (IIS10-4200) a n d  
a s t a : - d s r d  N R C  Chevron- t y p e  l i q u i d  n i t r o g e n  t r a p .  C o n c e n t r i c  "0"- 
R i n g s  c o o l e d  bv n c i i - c . u l a t i n g  r e f r i g e r a n t  a r e  u s e d  a t  t h e  j o i n t s  
b e t w e e n  t h e  l s i7ge f l a n g e s  . 
- 4 -  
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FIGURE 1 
SCREW DRIVE COHESION TESTING APPARATUS ( O U T S I D E )  
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FIGURE z - COHESION TEST APPARATUS 
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I 
SPECIMENS 
The t y p e  of  spec imen  u s e d  is shown i n  F i g u r e  4 .  E i g h t  of t h e s e  
f i t  i n t o  e a c h  whee l  o f  F i g u r e s  2 and  3 .  They a re  h e l d  by  h a r d e n e d  
p i n s  which  p e r m i t  e i t h e r  spec imen of a p a i r  t o  a d j u s t  i t s e l f  p a r a l l e l  
t o  t h e  o t h e r .  T h i s  m i n i m i z e s  t h e  p o s s i b i l i t y  of m i s a l i g n m e n t  d u r i n g  
e i t h e r  c o m p r e s s i o n  o r  t e n s i o n .  
The f a c e  w i d t h s  o f  t h e  spec imens  a r e  a d j u s t e d  t o  p e r m i t  a f e w  
t h o u s a a d t h s  of a n  i n c h  f a c e  d e p r e s s i o n  w i t h  c o m p r e s s i v e  l o a d s  of  
2000 t o  3000 lbs. The s u r f a c e s  a r e  p r e p a r e d  by mount ing  t h r e e  
s p e c i m e n s  a t  a t i m e  i n  a s p e c i a l  j i g  and p o l i s h i n g  w i t h  s u c c e s s i v e l y  
f i n e r  g r a d e s  of  alundum or emery p a p e r .  T h e  t h r e e  s p e c i m e n s  fo im 
a t r i a n g l e  i n  t h e  p o l i s h i n g  j i g  and  a f l a t  p l a t  i s  u s e d  under  t h e  
a b r a s i v e  p a p e r .  T h i s  i n s u r e s  spec imen f l a t n e s s .  A s l i g h t l y  
d i f f e r e n t  t y p e  o f  p o l i s h i n g  j i g  was u s e d  f o r  p r e p a r i n g  t h e  t w o  f l a t  
f a c e s  r-xf 90" c h i s e l  t y p e  spec imens .  J u s t  b e f o r e  mount ing  i n  t h e  
t e s t  w h e e l ,  each spec imen  is  g i v e n  one  r u b  on d r y  N o ,  000 p a p e r ,  
T h e  h a r d  s p e c i m e n s  of  O . F . H . C .  c o p p e r  and  1018 s t e e l  were  made 
d i r e c t l y  from c o l d  drawn 3/4 inch  d i a m e t e r  b a r  s t o c k ,  The s o f t  
coppe r  and  s o f t  1018 s t e e l  spec imens  w e r e  made f rom t h e  same s t o c k  
a f t e r  a n n e a l i n g .  The 3/4 i n c h  d i a m e t e r  t i t a n i u m  s t o c k  c o u l d  b e  
o b t a i n e d  o n l y  i n  t h e  c o n d i t i o n  r e f e r r e d  t o  c o m m e r c i a l l y  a s  ' a n n e ? l e d " ,  
A c t u a l l y  t h i s  c o n d i t i o n  is  q u i t e  h a r d  s o  t h a t  by a n n e a l i n g  a p o r t i o n  
of s d c h  a b a r  b o t h  h a r d  and  soft m a t e r i a l s  w e r e  o b t a i n e d ,  T h e  Cu-Be 
a l l o y  ( N o .  25 )  w a s  machined t o  s i z e  from 3/4 i n c h  d i a m e t e r  b a r  s t o c k  
i n  t h e  s o l u t i o n  t r e a t e d  c o n d i t i o n  and  some of t h e  spec imen5 h a r d e n e d  
by t h e  s t a n d a r d  a g i n g  t r e a t m e n t  p r i o r  t o  f i n i s h i n g  on t h e  N o  000 0 
' I  
i 
I 
I '  
Q , l  
I 
. 
p a p e r  and  b e v e l i n g  by g r i n d i n g .  The 440C s t a i n l e s s  s t e e l  and  t h e  
4140 s t e e l  spec imen  were machined t o  s i z e  f rom s o f t  bar  stock ex- 
c e p t  for .010 i n c h e s  t o  b e  removed from t h e  f a c e  o f  t h e  h a r d  
s p e c i m e n s  by s u r f a c e  g r i n d i n g  t o  remove d e c a r b u r i z e d  metal  p r i o r  
t o  f i n i s h i n g  on t h e  N o .  000 paper.  The 4140 s tee l  w a s  drawn t o  
a b o u t  50 Rockwel l  C. The 440C s t e e l  and  Cu-Be w a s  l e f t  a t  maximum 
h a r d n e s s .  
The p u r e  aluminum spec imens  w e r e  p r e p a r e d  f rom 1100-H18 and  
a f t e r  a n n e a l i n g  a bar  s e c t i o n  a t  650'F and  c o o l i n g  t o  room 
t e m p e r a t u r e .  The aluminum a l l o y  2024 w a s  p u r c h a s e d  i n  t h e  T4 con-  
d i t i o n  arid a s e l e c t e d  p i e c e  was a n n e a l e d  a t  775'F f o r  t h r e e  h o u r s  
w h i l e  t h e  6061-T6 was u s e d  i n  b o t h  t h e  T6 c o n d i t i o n  and  a f t e r  a 
t h r e e  hour  a n n e a l  a t  775'F. 
The g o l d  spec imens  r e f e r r e d  t o  were p i e c e s  of 0 . 0 1 5 '  g o l d  
f o i l  s i l ve r  b r a z e d  t o  a n  a n n e a l e d  c o p p e r  s p e c i m e n .  I t  must t he re -  
f o r e  b e  c o n s i d e r e d  t h a t  w h i l e  the g o l d  is t r u l y  i n  t h e  a n n t q l e d  ('on 
d i t i o n  t h a t  i t s  a p p a r e n t  p e n e t r a t i o n  h a r d n e s s  is n o t  t h a t  of a 
~ 0 1 i d  g o l d  spec imen  and  a l l o w a n c e  s h o u l d  b e  made i n  i n t e i p ~ e t i n g  
t h e  d a t a .  
T a b l e  1 g i v c s  a summary of the m a t e r i a l  s p e c i f i c a t i o n s  of t h e  
s-irnplcs u ? c d  i n  I n  L S  r e s e a r c h  program and t h e i r  B r i n e l l  ha1 dness 
n u m h t ~ i -  T h i s  c r i t e i - i o n  for h a r d n e s s  was u s e d  a s  i t  is f c > l  t t h a t  i t  
b t \ \  t c 0 1  i . c la  I P S  w i t h  f l ow s t r e s s ,  F i g u r e  4, page  9 . gj v ~ s  t h e  
p h y 5 i c  a 1  size a n d  shnpe of  t h c  t e s t  spec imens  w h i l e  Table IT g i v e s  
thc  v n l u c  of' the X d imens ion  shown i n  F i g u r e  4 f o r  the fac-c. \ s i c t t h  
a n d  the number of spec imens  r e q u i r e d  f o r  the  t e s t  p r o g r a m  
- 10 - 
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TABLE IT 
NUMBER OF SPECIMENS REQUIRED 
OF EACH MATERIAL, AND FACE WIDTH 
NOM1 I;AL 
FA(IE W 1 DTH NUMBER 
MATERIAL (INCHES) REQUIRED 
. 
I S o f t  Copper  
~- Hard Copper 
I 
Sof t  1018 
Hard  1018 
., 2 5 
. 2 5  
3 5  
2 
. 18 
. 2 5  
.18 
.25  
13 
4 
2 
16 
2 
5 
“ 2 5  
1 3  
“ 2 5  
13 
L. 08 
S o f t  4140 
Hnid  4140 
2 
5 
2 
5 
S o f t  C u - B c  
H ~ I  d C c 1 - b ~  
, 2 5  
,I5 
,, 2,5 
15 
, 1 0 
.> 2 5 
“22 
.25 
22 
1 4 
S o f t  Ti 
H n i d  Ti 
25 
S o I ‘ t  I 1 0 0 - A I  
Hrt 1 tl 1 100- A I  
. 2 5 
I25 
5 
3 
I 
Sol  1 2024-A1 
H n i . d  2024- A 1  
25 
25 
3 
10 
S o t  t 6061-A1 
H21.d 606 1 - A 1  
25 
. 2 5  
3 
8 
S o f t  Gold Foil 25 7 
0PEAAI':Oh OF TEST APPARATUS 
During a t y p i c a l  o p e r a l i ! \ r r  t h e  s y s t e m  wa5 baked o u t  at +200"C 
under  vacuum f o r  t i m e s  ra r lg i r lg  up t o  f o u r  d a v s  using -i number of 
t u n g s t e n - q u a r t z  lamps i n c i d e  t h e  vac gclm v e s s e l  a s  a h e a t  s o u r c e  ~ 
When t h e  p r e s s u r e  had s t a b i l i z e d  at, LO t o r r  or s o ,  a r e f r i g e r a t i o n  
s y s t e m  w a s  t u r n e d  on t o  cool  t h e  vesse l  w a l l s  and  gaskets, 'The 
p r e s s u r e  t h e n  f e l l  t o  t h e  IO*-  r ange ,  t y p i c a l l y  4 t o  5 x 10 a t  
t h e  end  of 24 h o u r s .  
-e 
9 - 9  
To m a i n t a i n  t h e  temper;i t i lue o f  t h e  s p e c i m e n s  t h e  h e a t  i n p u t  
t o  t h e  lamps w z i i  c o n t r - , > l l e d  i r d  t h e  t e m p e r a t u r e  w a s  mea.:aed by 
t h e r m o c o u p l e s ,  The i n d i v i d  1 3 1  ~ ~ ~ c c i [ f i e n -  bere  w i l e  bi  Jclied f o r  
measured  times t y p i c a l l y  b e t e e e n  3 0  s c c - i n d s  n n d  5 m i n u t e -  (2s w i l l  
be d i s c u s s e d  l a t p r )  Dur i r lg  br i s k i n g  o f  tl-e C d  cpecimeri i  p r e s s u r e  
bursts o c c u r r e d  w h i c h  y i ~ i c l f ~ d  p i e ~ - . i r e  t r a ' i c i e n t '  u p  t o  3 x 10 
t o r r  T h i c  e f f e c t  w a c  t T * > t  *~::- .c ' i  v t d  1 0 l F  i c c c l  or T i  m e t a l  
s p e c i m e n s  n o r  via.; 1 t cC>rii c<  t c d  u i t l  t he  o p c i  i t  i n n  o f  t 1.t. motor i t -  
s e l f  when n o t  b r ' i i h i  ng 1l.e + [  (-< irnpfBL I IPJ e t 1 F'n p " i i  i i o r . c d  t -) 
f a c e  each  ot!ier arld t F ( c  1 ' 1 1 1 -  tic' tcl-ted w e l t '  f ) i ( e d  i n 1  I ( con tac t  
and  l o a d e d  t o  a c o n = , t t d t l t  l n i t l r !  2000 F":lnd l o a d  ( E c l a x a t i o n  and  
c r e e p  l a t e r  r e d u c e d  t h i c  l f ) a d  a' l o a  1'- 1920 l b ~  i n  ( ) [ , e  rase ) 
The t ime  be tween c l e a n i n g  a n d  ( o n 1  1 c t  ~ 2 -  r n t ? ? - - ~ i i ~ d  111d f ~ ~ i ~ l d  t o  b e  
r e a s o n a b l y  c o n s t a n t  i t  ?bo 1 1  25 t r  35 b('( rind+ 1 1  4 tco 6 x 10 t o r r ,  
T k i c  pi-oduc t i  2 y I O - '  I - ~ X ~ T  ~ I I I I I I I ~ ~ ~ +  1 % bc\ lon t l r t  l / l O t h  moqQlayer  
foi 'mat iot i  t i m e  citld t h i l -  , t - - - i i i ~ ~ +  ( o ~ ~ t - i ~  t k1c.t 4/veri ( le.itl m c t  1 1  < i i r f . A ( e s . .  
The l o a a  Mac; l c f t  o n  15 m i . l ~ f ( ' -  f ) I  e i c h  p a l 1  a n d  t t ic3  mej'.ured 
breakaway l o a d  K a& t 1 k 4 t . ~ i  r 01 t l c d  ) P  p i i  I I l u g  t \ .e ~ p c ' ~   TIP:,- a y  IY t 
-8 
- 9  
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be  c o m p a r a b l e  t o  t h a t  f o r  s e l f - d i f f u s i o n  of t h e  meta l  i t s e l f .  The 
a p p a r a t u s  u s e d  was n o t  s u i t a b l e  for h i g h  t e m p e r a t u r e  spec imen  o u t -  
g a s s i n g ,  and  s i n c e  t h e  magni tude  of t h e  e f f e c t  of i n e r t  g a s  i o n s  
i n  s o l i d  s o l u t i o n  on h a r d n e s s  and  s t r a i n  h a r d e n i n g  c o e f f i c i e n t  was 
n o t  known i t  seemed a d v i s a b l e  t o  s t a y  below t h e  c r i t i c a l  s t i c k i n g  
c o e f f i c i e n t  v o l t a g e s  if p o s s i b l e .  Data i n  t h e  l i t e r a t u r e  i n d i c a t e d  
t h a t  good t t c l e a n i n g "  ( r a t i o  of  s p u t t e r e d  a toms  o r  i o n s  t o  imp ing ing  
i o n s )  was p o s s i b l e  below t h e s e  v o l t a g e s  b u t  t h e r e  was some q u e s t i o n  
a s  t o  how e f f i c i e n t l v  t h e  i o n  g u n s  c o u l d  be made t o  work a t  s u c h  
low v o l t a g e .  Obv ious lv  t h e  h e a v i e r  t he  imping ing  i o n  the b e t t e r ,  
s i n c e  a l a r g e r  p e r c e n t a g e  of  t h e  e n e r g y  w a s  g i v e n  up  n e a r  the s u r -  
f a c e  and  h i g h e r  v o l t a g e  c o u l d  be  u s e d  w i t h o u t  p e n e t r a t i o n  There -  
0 f o r e  xenon a s  w e l l  a s  a r g o n  was u s e d .  A c t u a l l y ,  i t  w a s  a l m o s t  
i m p o s s i b l e  t o  c l e a n  m e t a l  s u r f a c e s  i n  vacuum a t  low t e m p e i ' i t u i - e  
w i t h o u t  c h a n g i n g  t h e  p h y s i c a l  c h a i * a c t e r i s t i c s  of  the  me ta l  s u i - f a c e  
s o m e w h a t  I Abras ion  e v e n  b y  a s h a r p  wire b r u s h  u n d o u b t e d l v  work  
h a r d e n s  t h e  s u r f a c e  t o  some c x t c n t ,  
Ion Bombardment C l e a n i n g  Appara tus  
Two c o l d  c a t h o d e - t y p e  i n n  gurrs were asqembled  u t i  l i z i ~ i g  
f l a n g e s  and p a r t s  a v a i l l b l e  from prev i r iu s  work t n g c t h c r  w i t h  n c w  
c o m p o n e n t s "  A s t a c k  o f  q i x  I i h i  i u m  f c r i - i t e  magnet< w h i  r l i  h,id been 
p r e v i o u s l y  t e s t e d  for f i c l d  u n i f o i  m i t v  and s t ren :J : th  w c i  61 i i ~ 6 - d  t~ 
p r o v i d e  the  magne t i c  f j e l d  f o r  tlic 1011 so i i r ce .  A G r a n v i l  l c - P h i l l l p s  
v a r i a b l e  l e a k  was a t  tachccl t o  c ~ i c 1 1  , g ~ i i l  f o r  nc r u r ~  t P ( o n  t I 0 1  o f  gas 
flow. See Figuic' 5 
0 
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The gun c o n s i s t s  of two main s e c t i o n s ,  t h e  c o l d  c a t h o d e  i o n  
s o u r c e ,  and  t h e  e l e c t r o s t a t i c  l e n s  s y s t e m .  The i o n  s o u r c e  is  a 
m o d i f i e d  magnet ron  gauge") .  
c a t h o d e  c o n t a i n s  a g a s  i n l e t  tube a n d  d i f f u s e r ,  t h e  o t h e r  c o n t a i n -  
A u x i l i a r y  c a t h o d e s  a r e  o m i t t e d .  One 
i n g  a n  e x i t  a p e r t u r e  f o r  i o n s .  Moly-permalloy p o l e  p i e c e s  a r e  
u s e d  a t  e a c h  end  o f  t h e  magnet t o  o b t a i n  a u n i f o r m  f i e l d  d i s t r i b u t i o n  
i n  t h e  i o n i z a t i o n  volume.  The f o c u s i n g  s y s t e m  c o n s i s t s  of a con-  
v e n t i o n a l  e l e c t r o s t a t i c  c y l i n d e r  l e n s  (- = 1 . 8 7 ) .  T h e  magnet  p o l e  
p i e c e  nea res t  t h e  e x i t  c a t h o d e  a c t s  a s  a n  i o n  e x t r a c t o r ,  
D2 
Dl 
T h e  i o n  gun a s  o r g i n a l l y  a s sembled  c o n t a i n e d  a 1/8" d i a m e t e r  
a p e r t u r e  i n  t h e  e x i t  c a t h o d e  and i n  t h e  e x t r a c t o r ,  An i o n  c o l l e c t o r  
t a r g e t  was c o n s t r u c t e d  and  c o a t e d  w i t h  a sodium s i l i c a t e  s o l u t i o n  
a n d  p l a c e d  a d i s t a n c e  of a p p r o x i m a t e l y  2 0  c m  f rom t h e  i o n  s o u r c e ,  
T h i s  gun c o n f i g u r a t i o n  was found t o  have  low s e n s i t i v i t y  a t  t h e  t a r g e t  
a p p r o x i m a t e l y  2 m a / t o r r  unde r  optimum c o n d i t i o n s .  
To improve f o c u s i n g  and  t o  i n c r e a s e  s e n s i t i v i t y  a t  the t a r g e t ,  
t h e  f o l l o w i n g  m o d i f i c a t i o n s  were made. 
1. T h e  e x i t  c a t h o d e  a p e r t u r e  was e n l a r g e d  t o  1/4" d i a m e t e r .  
2 ,  T h e  e x t r a c t o r  a p e r t u r e  was a l s o  e n l a r g e d  t o  1/4 ' and  an 
e x t e n s i o n  added t o  d e c r e a s e  the  d i s t a n c e  from the e x t r a c t o r  t o  t h e  
a p e r t u r e  c a t h o d e .  
3 .  A d i v e r g i n g  screen  l e n s  (2) was c o n s t r u c t e d  f r o m  the  e x i t  
c a t h o d e  and  e x t r a c t o r  b y  a d d i t i o n  of  a 94% t r a n s p a r e n t  t u n g s t e n  
--------___ 
(1) Redhead ,  P ,  A .  Can.  J .  P h y s . ,  - 3 7 ,  ( 1 9 5 9 ) ,  1260 
( 2 )  Kle inpe re r ,  0 ,  , E l e c t r o n  O p t i c s ,  Cambridge U n i v e r s i t y  Press 
1 9 5 3 ,  p .  72 
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s c r e e n  o v e r  t h e  e x i t  c a t h o d e  a p e r t u r e .  
The above  m o d i f i c a t i o n s  i n c r e a s e d  t h e  s e n s i t i v i t y  o f  t h e  d e v i c e  
t o  100 ma/torr  a t  t h e  t a r g e t ,  and f o c u s i n g  c o u l d  b e  a c h i e v e d  by 
v a r i a t i o n  of e l e c t r o d e  v o l t a g e s .  I t  was n e c e s s a r y  t o  d e f l e c t  t h e  
e l e c t r o n  component of t h e  beam e x t r a c t e d  from t h e  i o n  s o u r c e  by a 
smal l  pe rmanen t  magnet  i n  o r d e r  t o  s t u d y  t h e  i o n  beam. Only by t h i s  
p r o c e d u r e  c o u l d  a v e r y  f a i n t  i o n  i n d u c e d  glow b e  s e e n  on t h e  p h o s p h o r .  
The e f f e c t  of v a r i a t i o n  of t h e  f o c u s i n g  v o l t a g e  c o u l d  a l s o  be 
s e e n  by o b s e r v i n g  t h e  e x i t e d  r e s i d u a l  gas glow p r o d u c e d  b y  t h e  i o n  
beam, 
Ion  e n e r g y  d i s t r i b u t i o n  c u r v e s  were p l o t t e d  f o r  v a r i o u s  v o l t a g e  
c o n f i g u r a t i o n s .  T y p i c a l  i o n  e n e r g y  d i s t r i b u t i o n  c u r v e s  for a f o c u s e d  
beam z r e  shown i n  F i g u r e  6 .  From these  c u r v e s  i t  c a n  b e  s e e n  t h a t  
t h e  i o n  e n e r g y  is  h i g h l y  dependen t  on anode  v o l t a g e .  T y p i c a l l y ,  the  
h i g h e s t  i o n  e n e r g y  is r o u g h l y  one f i f t h  t h e  a n o d e  v o l t a g e  An 
e l e c t r o n  d e f l e c t i n g  magnet was n o t  u s e d  i n  o b t a i n i n g  the e n c r g y  d i s -  
t r i t i u t i o n  c u r v e s .  P u r i f i e d  a rgon  was u s e d  t h r o u g h o u t  o n  p i - c l i m i n n r v  
t e s t s  * 
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EXPERIMENTAL PROGRAM 
I on Bombar dm e n  t C l e a n i n g  
F o l l o w i n g  t h e  i n i t i a l  t es t s ,  two i o n  guns  were s e t  up on t h e  
a d h e s i o n  a p p a r a t u s .  Four  p a i r s  o f  OHFC c o p p e r  s a m p l e s  weie  i n -  
s t a l l e d  i n  t h e  p o s i t i o n i n g  mechanism. Two phosphor  sc reens  i n  t h e  
fo rm of  a n  open  f r ame  were p l a c e d  a p p r o x i m a t e l y  l/S” i n  front of 
t h e  s a m p l e s  t o  b e  bombarded. The phosphor  s c r e e n s  were C o : J l l C 2 C t e d  
t o  i n s u l a t e d  t e r m i n a l s  SO t h a t  i o n  c u r r e n t  c o u l d  b e  measured  To 
a i d  i n  beam p o s i t i o n i n g ,  f o u r  d e f l e c t i o n  p l a t e s  were a d d e d  t o  e a c h  
g u n .  A s c h e m a t i c  i e p r e s e n t a t i o n  of t h e  s y s t e m  is  shown i n  F i g u i c  7 ,  
By v i s u a l l v  o b s e r v i n g  t h e  i o n  beam i n d u c e d  glow on t h e  phosphor  
s c r e e n  f r ame  and  by measu r ing  t h e  f r ame  t o t a l  c u r r e n t  r ~ ~ s u l  t i n g  from 
v a r y i n g  t h e  v o l t a g e  o n  the  d e f l e c t i n g  p l a t e s  and t h e  l c \ r i c  t h e  beam 
c o u l d  b e  f o c u s e d  and  p o s i t i o n e d  on t h e  s ample  s u r f a c e  catihfactorilv 
A f  t c r  a d , j u s t i n g  the ai-go11 f Low, two s a m p l e s  were  bombarded f r j r .  7 0  
houi s P r e s s u r e  d u r i n g  bombai-dment w a s  i n  t h e  lo-’ tor  r i’;tng:(’ 
An a t t e m p t  a t  cohcc;ion was made w i t h  n e g a t i v e  r ehu l tq  I n -  
s p e c t i o n  of t h e  s a m p l e s  a f t e r  removal s h o w e d  b o t h  t o  be ( o a t e d  a n d  
d i s c o l o r e d .  T h i s  r e s u l t  was t r a c e d  t o  a m a l f u n c t i o n  i t 1  t k o  
d i f f u s i o n  pump baf f  I C  l i q u i d  n i t ]  ogen l e v e l  c o n t i  91 c i i ’<’ I i i t  Tht. 
pump ! ) * i f  f l e  h a d  wai  med and d i f  f u s i o n  pclinp oi 1 was c’vapoi i t  c>cJ I n t o  t t i c >  
s y s t  cm coa t  i n x  t i ic .  5.implc.; ~ i i  t h  0 1  I , T h e  o i l  \+as . ; i i t ) s ( ’y i ( - t i  t 1 y 
dccot i i l10~(~~1 tly 1011 hombai dmen t 
I n  3 . ; C > C O U C ~  5c’i-ies of t es t s  thi*ee p a i l  s of  OFEC ( u  \ J I I I ] I ~ < ~ ~  i i t ’ i  c 
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p l a c e d  i n t o  t h e  p o s i t i o n i n g  mechanism i n  t h e  a d h e s i o n - c o h e s i o n  
vacuum s y s t e m  f o r  t e s t i n g .  A g l a s s  v i a l  of s p e c t r o s c o p i c a l l y  p u r e  
xenon w a s  a t t a c h e d  t o  b o t h  guns b y  means of g l a s s  t u b i n g .  The 
vacuum s y s t e m  w a s  c o l d  t r a p p e d  a n d  baked  by means o f  i n t e r n a l  
t u n g s t e n  l amps .  The g l a s s  t u b u l a t i o n  be tween t h e  xenon b o t t l e  and  
t h e  g u n s  was e v a c u a t e d  t h r o u g h  t h e  vacuum s y s t e m  a n d  f l a m e d  t o  
d e g a s  w h i l e  t h e  s y s t e m  was b a k i n g .  
P r i o r  t o  i n s e r t i o n  i n  t h e  vacuum s y s t e m ,  a l l  OFHC Cu s a m p l e s  
were c h e m i c a l l y  e t c h e d  i n  a s o l u t i o n  of 80% d i s t i l l e d  w a t e r ,  10% 
hydrogen  p e r o x i d e  and 10% fo rmic  a c i d  t o  remove o r g a n i c  s u r f a c e  
f 1 l i n s  ~ 
T h e  f i r s t  s e t  of  s a m p l e s  w a s  bombarded 15 m i n u t e s  a t  a n  i o n  
14  . 2 c u r r e n t  d e n s i t y  of 10 ions , cm s e e .  and  t h e n  p l a c e d  i n  c o n t a c t  
and  loaded t o  2000 lbs, Approximate ly  2 . 5  m i n u t e s  e l a p s e d  between 
t e r m i n a t i o n  of i o n  bombardment and  s u r f a c e  to s u r f a c e  c o n t a c t ,  T h e  
s e c o n d  s e t  of s a m p l e s  was bombarded f o r  3 0  m i n u t e s  a t  an  i o n  c u r l - e n t  
d e n s i t y  of ions,’cm sec. b e f o r e  a p p l y i n g  t h e  i n t e r f a c e  f o i c e .  2 
N o  a d h e s i o n  o c c u r r e d  i n  e i t h e r  c a s e ,  When t h e  t h i r d  set of s a m p l e s  
was p o s i t i o n e d  f o r  bombardment, t h e  p o s i t i o n i n g  mechanism l o c k e d  a n d  
the  test had t o  be d i s c o n t i n u e d .  
F u r t h t ~ r  W O I ’ ~  on adhesion t e s t i n g  a f t e r  i o n  bombai-dmcnt c l e a n i n g  
n as di scan t i n u c d  f 01- the f 01 lowing r e a s o n s  
1 ~ The sample p o s i t i o n i n g  meclianism is n c c e s s a i - i l y  7 ;1 thc i  
c o m p l e x  111 o r d e r  t o  s u c c c s s i v e l y  p o s i  t i o i i  s i x t e e n  s2mples 1’1-nperly 
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moving t h e  s a m p l e s  f rom p o s i t i o n  t o  p o s i t i o n ,  some of which  r e q u l r e  
r a t h e r  e x a c t  t e r m i n a t i o n .  The a c c u m u l a t e d  t i m e  t o  move a r a m p l e  
f rom t h e  c l e a n i n g  p o s i t i o n  i n  f r o n t  of t h e  i o n  gun t o  t h e  t e s t  
p o s i t i o n  is  t h e r e f o r e  r a t h e r  l a r g e  ( two t o  t h r e e  m i n u t e s )  s i n c e  t h e  
s a m p l e  must  p a s s  s u c c e s s i v e l y  t h r o u g h  s i x  s e p a r a t e  p o s i t i o n s ,  S i n c e  
t h e  s y s t e m  u l t i m a t e  p r e s s u r e  w i t h  a l l  s a m p l e s  i n s t a l l e d  was of t h e  
o r d e r  of 10- t o r r ,  s e v e r a l  mono laye r s  of g a s  c a n  be a d s o r b e d  on t h e  
t e s t  s u r f a c e s  b e f o r e  t h e  s amples  come i n  c o n t a c t .  
8 
2 .  E x c e s s i v e  e x p e n d i t u r e  of t i m e  and  money would b e  n e c e s s a r y  
t o  modi fy  t h e  s y s t e m  f o r  e f f e c t i v e  i o n  bombardment c l c n n i n g  anci 
would pi e c l u d e  o b t a i n i n g  a d d i t i o n a l  d a t a  u s i n g  t h e  w i r e  bi-ush m e t h o d  
Throughout  t h e  above  t e s t s ,  b o t h  guns  pe r fo rmed  s a t i s f a c t o r i l y ,  
Ton c u r r e n t  d e n s i t y  was s u f f i c i e n t l y  h i g h  t o  remove s e v c r a  1 h u n d r e d  
mono laye r s  of  m a t e r i a l  d u r i n g  t h e  s h o r t e s t  bombardment t i m e .  T h e  
n c g a t i v e  r e s u l t s  on a d h e s i o n  of t he  s a m p l e s  a r e  a t t r i b u t e d  to  t h e  
i ’ c c ( ~ n t a m i n a t i o n  o f  the  SUI  faces 
hlodif i c a t i o n  of  t l ic  vacuum vesse l  t o  p e r m i t  t r a n s l a t i o n a l  
mo t ion  of a motor  di i v c n  wire. b r u s h  f o r  c l e a n u p  of t h e  a d h v s i o n  
spc-c-imcns was pci.foimcd I 
R o t a r y  w i 1 . c  brusl-,c+ about  1/’2 ’ d i a m e t e r  a n d  3 ”  long  <irid : ising 
a t w o  s t i v n n d  t w i s t e d  w i r c  l o r  t h e  s h a f t  were u s e d  f o r  t l i ~  c - l c ~ i n i n g  
o p ( h 1 . : i  t i o n .  The> w i i - e  !)r i s  t l c s  wcrc made e i t h e r  of c o l d  dt  ; i w n  m i  I d  
i n  a c o l l e t  wh ich  i n  t u r n  was f a s t e n e d  t o  a s m a l l  h y s t e r e s i s  motor 
(8-10 w a t t s )  o p e r a t i n g  a t  3600 rpm ( f r e e  s p e e d ) .  The motor was 
m o d i f i e d  by o p e n i n g  t h e  e n d s  near  t h e  b e a r i n g s  t o  t h e  vacuum chamber 
and  by l u b r i c a t i n g  t h e  b e a r i n g s  w i t h  d r y  MoS2. 
o p e r a t e d  a s  l o n g  a s  100 h o u r s  i n  t h e  lo-' t o r r  r a n g e  i n  t h e  p a s t  
a n d  no d i f f i c u l t y  d u r i n g  t h e  c l e a n i n g  p e r i o d s  i n  t h i s  program was 
e n c o u n t e r e d .  
These  motors h a v e  
The e n t i r e  moto r  was e n c a s e d  c i r c u m f e r e n t i a l l y  i n  a p r e s s  
f i t t e d  aluminum s h e l l  which  was c o o l e d  by water  f l o w i n g  t h r o u g h  t h e  
motoi- support r o d ,  T h i s  r o d  was f a s t e n e d  t h r o u g h  a f l e x i b l e  m e t a l  
b c l l o w s  t o  t h e  o u t s i d e  o f  t h e  vdcuum vesse l  sf) t h a t  th t '  i ~ i  i i + h  (mcjtoi - 
r o a )  c.ouici bc moved t o  c l e a n  b o t h  t o p  aiid bo t tom specimens a n d  t o  
move the b r u s h  a w a y  fi.om t h e  t e s t  z o n e  d u r i n g  c o h e s i o n  t e s t s .  
A n u m b e r  o f  observations on b r u s h  u s a g e  a n d  w e a r  seem 
a p p i - o p i * i a t e  a t  t h i s  1 I m c  I During  the b r u s h i n g  oper a t i o n  o n  ( o p p e r  
spci('imc>ns t h e r e  i n v a r i a b l y  o c ~ c u i - r c ~ d  a p r c q s u r e  r ise  t o  7 10 t o r r ,  
u p  a l m o s t  a d e c a d c  01' S O  from tiit ,  p ~ l ' i u i  vacuum. Whcn t h c  motor  
a n d  bi-ush were tur.nc.d o n  b u t  n o t  b r u s h i n g  a m e t a l  s ample  t h i s  
prt.ssure rise was not  Pound,  i n d i c a t i n g  t h a t  t h e  pr c s s u i - c  was i n  
f a c t  vonncctcd w i  111 the m c t a l  c l e a n i n g  o p e r a t i o n  n o t  w i t h  t h e  
o p e r - n t i o n  a s  t h e  motor  a l o n c  
-8 
The> F a i  1 ui'c' pn t t c \ r n  of' Ihc> b i*ushcs  was i n  t ci c% t 1 ng 1 n t ha t t h e  
m i l d  s t ~ c 1  b i ' i s t  IC> b r u s h  w o u l d  l n s l  a b o u t  10-14 spc(-imc.ns b e f o r e  
t 1 1 ~ 1 ' ~  w ( \ l * C  tor)  i c t w  ' U I * I G L ~ C ~  i r i  L . ~ C T L I ~  , w l i i l c :  t h ~  t Z i ~ 1 ~ ~ : -  ' - * - . q c h  L J  1 L l r 7 1 1  
w a s  t l ( . b i - i s t  locl a f  t ( ' i *  2 t o  2 ~ I I ( > (  i m c b n s  i * c ~ g ' i i - d l ( ~ s s  of' inal(xi  i n 1  bcing 
b i - t i + I i ( \ d  Fa 11 111 c\ o f  t l i t \  I ) ] .  15 t 1 ('s i n  bo t  21 ( 'a5vs  mc inn  t a 1 ) t . i  t t IC. 
f r a c t u r e  of t h e  b r i s t l e  w i r e  a t  t h e  p o i n t  n e a r  t h e  t w i s t e d  w i r e  
s h a f t  where  t h e  b r i s t l e s  were  p i n c h e d .  A l m o s t  a l w a y s  t h e r e  w a s  
c o p p e r  we lded  t o  t h e  o u t e r  end of t h e  b r i s t l e  (away f rom t h e  
h a n d l e )  p u t  t h e r e  d u r i n g  b r u s h i n g  a c o p p e r  spec imen .  
Ex D e  Y" i m e  n t a 1 P r o m  a m  
The f i r s t  s e r i e s  of spec imens  t o  be t e s t e d  i n  c o h e s i o n  w e r e  
f o u r  s o f t  c o p p e r  and  f o u r  s o f t  1018 s t e e l  f l a t  f a c e  s p e c i m e n s  
t e s t e d  i n  p a i r s .  The c o n t a c t  a r e a  a p p r o x i m a t e d  1/16 s q u a r e  i n c h e s ,  
Fo r  t h i s  s e r i e s  of tests each p a i r  of t h e  s p e c i m e n s  were w i r e  
b r u s h e d  f o r  t h i r t y  s e c o n d s  immedia t e ly  b e f o r e  c o n t a c t i n g  Dur ing  
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t h e  b r u s h i n g  o p e r a t i o n ,  t h e  chamber p r e s s u r e  rose  t o  a b o u t  7 .10  
t o r r  f rom 5 lo-'  t o r r -  A f t e r  b r u s h i n g ,  a l l  spec imens  were l o a d e d  
f i f t e e n  m i n u t e s  a t  2000 lbs,, t h u s  l e a v i n g  o n l y  m a t e r i a l  and  t e s t  
t e m p e r a t u r e  a s  t h e  v a r i a b l e s ,  
T h e  s e c o n d  sei  i e s  of t e s t s  were made u s i n g  s o f t  copper 
s p e c i m e n s  of the c , q m c  1, 16 s q u a i s e  i n c h  f a c e  c o n t a c t  a r e a  T h e  
d e l i b e r a t e  v a r i a b l e s  i n  th i s  tes t  were t e m p e r a t u r e  ( 2 5  , L O O  , 
a n d  1 2 5 ° C )  a n d  wire b l u s h i n g  times be tween 0 and  5 m i n u t e s  I n  
a d d i t i o n  t o  the c.oppcr-to-coppe1 c o h e s i o n  t e s t s  th i , ee  ad l i c5 ion  
p a i r s  w e r e  i n c l u d e d  t o  c . v a l u a t t i  t h e  p o s s i b l e  p ioblerns  t o  bt. ex- 
p e c  t e d  i n  1 n t c \ i  e x p e l  i m c n t s ,  
Cu - Be CU ( s o f t )  
cu - 1018 ( s o f t )  
Ccl  - T i  ( s o f t )  
a n d  all w e r e  t e s t e d  a t  room t e m p e r a t u r e .  ( T h e s e  s p e c i m e n s  were 
c l e a n e d  l a s t  a t  which  t i m e  t h e  wire b r u s h  w a s  r a t h e r  worn a n d  t h e  
measu red  a d h e s i o n  is  p r o b a b l y  lower t h a n  i t  wou ld  have  been  w i t h  
a new b r u s h , )  
The t h i r d  s e r i e s  of c o h e s i o n  test  s p e c i m e n s  w e r e  c o p p e r -  to- 
c o p p e r  c o h e s i o n  p a i r s  and  i n c l u d e d  c o l d  worked a s  w e l l  a s  a n n e a l e d  
c o p p e r ,  The v a r i a b l e s  f o r  t h e s e  t e s t s  w e r e  t e m p e r a t u r e  w i r e  
b r u s h i n g  t i m e  and  m a t e r i a l  L a r d n e s s .  
I t  s h o u l d  bc n o t e d  t h a t  f o r  t h e q e  t e s t s  t h e  l o a d  w a s  f i x e d  
a t  2000 lbs , t h e  c ~ m p i e s a i o n  h o l d i n g  time was 15 m i n u t e s  atld t h e  
ambien t  p s e s h u r e  ha3  i n  ~ 1 1  c a s e s  h e l d  be tween 2 a n d  8 10 t o r r  -9  
The f o u r t h  se r ie5  of spec imens  were f o r  t h e  p u r p o s e  of t e s t -  
ing c o b e s i o n  between s i m i l a r  metals  a t  o t h e r w i s e  c o n s t a n t  l o a d s  
arid c l e a n i n g  time3 O n c  ~ d i  i a t i o n  t o  be n o t e d  i n  t h e  t e s t  q e i i e s  
is a c h a n g e  i n  t h e  c o m p o % i t i o n  of  t h e  w i r e  b r u s h  hs i s t l e s  f r o m  
> t r i i t i l e s s  .;tee1 ( 3 0 4 ,  tc) c o l d  di-.iwn m i l d  s t e e l .  
T h e  f i f t h  %(’r-ies o f  t e - t <  w e i e  on a d h e s i o n  be tween  d i c ; i m i l a r  
m e t a l b  i i s ing  C J I  b o n  5 t e c l  w i 1  e 111 u s h  c l e a q i n g  a t  d c o n s t a n t  l o a d  a n d  
s o i t i ~ ~ w l i ~  t shortct ic .d  b r u s h i n g  t i m c  
T h e  th icc  rcmri ining i e s t  g i  oups  cva lc i a t ed  t h e  e f f e c t  o f  varuum 
and  loading o n  c’orninpicici1 aluminum alloys a s  w e l l  a 5  the a d h e h i o n  
of < o l d  t o  v a i  i c ) u +  ma t e j  i a l 3  T h e  v d i  i a b l e s  wei-e a l l o y  c o m p o s i t i o n ,  
h a i c l i i r ~ + s :  , lnd t o  n 1c15~(>1- e x t e n t  on t h e  g o l d  s e r i e s  c l c a n i t i g  time 
T i t t , l e  5 p?gc  12 , g i v e s  i n  C h a l n t  fo rm t h e  sample p a i l s  n h i c * h  
- 2 7  - 
copper  spec imen  t h e  c o r r e s p o n d i n g  tes t  u s i n g  t h e  same me ta l s  i n  t h e  
h a r d e n e d  c o n d i t i o n  w a s  o m i t t e d .  The s p e c i m e n s  of  aluminum a l l o y s  and  
t h e  g o l d  p a i r s  w e r e  n o t  r e q u i r e d  by t h e  c o n t r a c t  b u t  w e r e  f e l t  t o  
be  v a l u a b l e  e i t h e r  i n  a n  e n g i n e e r i n g  o r  s c i e n t i f i c  s e n s e .  
The t a b u l a r  p r e s e n t a t i o n  of t h e  t e s t  d a t a  a r e  g i v e n ?  o v e r l e a f  
i n  Tables  I11 and I V  w i t h  a p p r o p r i a t e  n o t a t i o n s  i n  t h e  r e m a r k s  
column a s  t o  t h e  v a r i a b l e  b e i n g  o b s e r v e d  i n  t h e  t e s t  se r ies .  A 
d i s c u s s i o n  of t h e  t e s t  r e s u l t s  f o l l o w s  i n  t h e  n e x t  s e c t i o n  of t h i s  
r e p o r t .  
- 2 8  - 
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RESULTS OF T E S T  PROGRAM 
Wire Brush  C l e a n i n g  
The t a b u l a r  d a t a  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n  of t h i s  
r e p o r t  were a n a l y z e d  f o r  p o s s i b l e  c o r r e l a t i o n s  which migh t  a l l o w  
p r e d i c t i o n  of t h e  t endency  f o r  unknown p a i r s  of me ta l s  t o  a d h e r e  
t o  each o t h e r  and  f o r  t h e  e f f e c t s  o f  t h e  e x p e r i m e n t a l  p r o c e d u r e s  
upon t h e  r e s u l t s  o b t a i n e d .  
C e r t a i n l y  one of t h e  most o b v i o u s  q u e s t i o n s  l i e s  i n  t h e  
v a l i d i t y  of t h e  w i r e  b r u s h  c l e a n i n g  p r o c e d u r e  t o  o b t a i n  a c l e a n  
s u r f a c e  and  i f  v a l i d  unde r  what e x p e r i m e n t a l  cond i  t i o n s  ~ 
F i g u r e  8 p a g e 3 4 ,  shows t h e  e f f e c t  of w i r e  b r u s h i n g  t i m e  on t h e  
c o h e s i o n  between two s o f t  coppe r  s p e c i m e n s  a t  a c o n s t a n t  l o a d  of 
2000 l b s  ( 1 0 0 ° C  chamber t e m p e r a t u r e )  f o r  a f i f t e e n  m i n u t e  com- 
0 
p r e s s i o n  c y c l e .  The measured l o a d  t o  s e p a r a t e  the s p e c i m e n s  i s  
i - cco i -ded  as i t  c h a n g e s  w i t h  t h e  d u r a  t i o n  of the v:ir.v 111 ~ i < I i i n g  
t i i i i e s  . 
I t  may r e a d i l y  be obs t l rvcd  t h a t  wire b r u s h i n g  does  i n  f a c t  
i n r r e a s e  c o h e s i o n  between copper. spec imens  i n  a vacuum LCSS c l e a r  
howevei- i s  t h e  pi-opei- c h o i c e  of t i m e  of c l e a n i n g .  Al though 
c*olic..;ion load seem5 t o  be i i i( ,r-c>asing r e g u l a r l y  u p  t o  f i v c  m i n u t e s  
1 o bi-ush ivvai ' .  I t  may lie noted  fi-om t h e  e n t r i e s  i n  t h e  tabular 
i ' \ i n  d a t a  t h a t  I h c >  l a s t  two o r  thi-ee spec imens  i n  a se i - ics  of  e i g h t  
a r c  ~ i s u a l l y  marked " c l t ~ a n i n g  d i ih ious"  o r  "wire b i - u s h  w o i . n " '  
- 3 3  - 
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FIGURE 8 
EFFECT OF WIRE BRUSHING TIME 
ON COHESION OF SOFT COPPER 
(Mild S t e e l  B r i s t l e s )  
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T h e r e f o r e  a compromise c l e a n i n g  t i m e  of t w o  m i n u t e s  was u s e d  i n  t h e  
grea t  m a j o r i t y  o f  t h e  s u b s e q u e n t  r u n s .  T h i s  gave 30% or  s o  less 
c o h e s i o n  f o r  copper spec imen p a i r s  a n d  i t  is therefore e n t i r e l y  
p o s s i b l e  t h a t  some of t h e  a d h e s i o n  s a m p l e s  migh t  have  a d h e r e d  
p r o v i d e d  l o n g e r  c l e a n i n g  cycles had  b e e n  u s e d .  
S t i l l  a n o t h e r  u n c e r t a i n t y  l i es  i n  t h e  g r o o v i n g  of  t h e  w i r e  
b r u s h e d  s u r f a c e  f o u n d  on a l l  b u t  t h e  v e r y  h a r d e s t  metal  s p e c i m e n s .  
The c o h e s i o n / a d h e s i o n  found may t h u s  be i n f l u e n c e d  by  m e c h a n i c a l  
i n t e r l o c k i n g  of t h e  metal s u r f a c e s  a l t h o u g h  t h e  g r o o v e s  a r e  a t  
r i g h t  a n g l e s  on t h e  two spec imens .  
T e s t  T e m p e r a t u r e  
A p o s s i b l e  v a r i a b l e  i n  t h e  c o h e s i o n / a d h e s i o n  p r o c e s s  is t h a t  
of t h e  spec imen  t e m p e r a t u r e .  I n t u i t i v e l y  o n e  m i g h t  e x p e c t  f r o 6  
m e t a l l u r g i c a l  c o n s i d e r a t i o n s  a l o n e  t h a t  t h e  d e g r e e  of a d h e s i o n  
c) 
- would  i n c r e a s e  w i t h  i n c r e a s i n g  t e m p e r a t u r e  b u t  s i m u l t a n e o u s l y . '  
I 
d e c r e a s e  due  t o  t h e  i n c r e a s e d  chemical r e a c t i v i t y  a t  l e a s t  u n t i l  
t h e  t e m p e r a t u r e  rises to  t h e  p o i n t  where  s u r f a c e  f i l m s  a r e  e i t h e r  
a b s o r b e d  o r  b o i l e d  o f f .  
I n  no rma l  m e t a l l u r g i c a l  work w i t h  m e t a l s  and  a l l o y s ,  o n e  ex-  
p e c t s  t o  f i n d  t h e  o n s e t  of m e t a l l i c  s o f t e n i n g  p r i o r  t o  f u l l  
r e c r y s t a l l i z a t i o n  a t  a b o u t  8.30-0.35 Tm on t h e  homologous t e m p e r a t u r e  
sca le .  T h i s  t e m p e r a t u r e  is c o n v e n t i o n a l l y  d e f i n e d  a s  t h e  tes t  
t e m p e r a t u r e  i n  K e l v i n  d i v i d e d  by t h e  t e m p e r a t u r e  i n  d e g r e e s  K e l v i n  
a t  t h e  m e l t i n g  p o i n t  of  t h e  meta l .  T h u s ,  f o r  p u r e  Cu,  one  e x p e c t s  
t h e  o n s e t  of s o f t e n i n g  a t  a b o u t  TH = 0.30 ( o r  143OC). D u r i n g  t h i s  (Ei 
\ - 35 - 
e x p e r i m e n t a l  series a number of s e p a r a t e  tests were made t o  
i n v e s t i g a t e  c o h e s i o n  b e t w e e n  s p e c i m e n s  of  OFHC c o p p e r  a t  
v a r i o u s  t e m p e r a t u r e s .  These d a t a ,  c o l l e c t e d  a n d  p l o t t e d  i n  
F i g u r e  9,  p a g e 3 7 , s h o w  t h a t  a s  t h e  t e m p e r a t u r e  a p p r o a c h e s  t h e  
homologous t e m p e r a t u r e  of 0.30 (143OC f o r  Cu) t h e  degree of 
a d h e s i o n  of c o p p e r  t o  coppe r  rises e x t r e m e l y  r a p i d l y .  I t  is 
f u r t h e r  e x p e c t e d ,  a l t h o u g h  not p r o v e n ,  t h a t  t h e  a d h e s i o n  w i l l  
become e v e n  s t r o n g e r  u n t i l  f u l l  w e l d i n g  o c c u r s  a t  o r  n e a r  t h e  
r e c r y s t a l l i z a t i o n  t e m p e r a t u r e ,  T H b 0 . 4  o r  (272OC) f o r  b u l k  
c o p p e r .  
Based upon these e x p e r i m e n t a l  r e s u l t s  a s t a n d a r d  t es t  
t e m p e r a t u r e  of 125'C w a s  chosen  as  a t e m p e r a t u r e  which p romotes  
b u t  d o e s  n o t  c a u s e  a d h e s i o n  t o  s u c h  a l e v e l  t h a t  a l l  o t h e r  e f f ec t s  
.? a r e  overshadowed.  
\ 
f: 
\ 
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DISCUSSION 
Cohes ion  be tween  S imi la r  M e t a l s  
I t  h a s  been shown by John Ham a t  t h e  N a t i o n a l  R e s e a r c h  . 
Corporation and  o t h e r s  t h a t  t h e  major v a r i a b l e s  wh ich  d e t e r m i n e  
t h e  s e p a r a t i n g  forces r e q u i r e d  a f t e r  j o i n i n g  t w o  s i m i l a r  metal  
s p e c i m e n s  u n d e r  vacuum c o n d i t i o n s  a r e :  
1. Hardness  
2 .  P r i o r  c l e a n l i n e s s  
3. Tempera tu re  
4 .  Compress ive  l o a d i n g  
5 ,  Time of l o a d i n g  
6 .  S u r f a c e  t o p o g r a p h y  
P 
T h i s  p r e v i o u s  work emphas ized  p u r e  c o p p e r  and  1018 s t e e l  i n  
m b s t  cases  a n d  l e a v e s  a s  a n  open  q u e s t i o n  t h e  e f f e c t s  of  a l l o y i n g ,  
- o t h e r  metals ,  v a r i a t i o n s  i n  h a r d n e s s  for s i m i l a r  c o m p o s i t i o n s ,  e t c .  
The p r e s e n t  work o n  t h e  c o h e s i o n  p o r t i o n  of t h e  program was 
d e s i g n e d  t o  s t u d y  t h e  s t i c k i n g  f o r c e s  be tween  a number of  s i m i l a r  
me ta l s  i n  b o t h  t h e  h a r d  and  s o f t  c o n d i t i o n s .  The metals t es ted  
a r e  b e s t  r e v i e w e d  a t  t h i s  t i m e  by r e f e r r i n g  back  t o  T a b l e  I ,  p a g e  
11, c'f t h i s  r e p o r t  for a l i s t i n g  of t h e  a l l o y s  t es ted  a n d  t h e i r  
g r o s s  p r o p e r t i e s .  Table 5 ,  a l r e a d y  shown,  g i v e s  i n  t h e  d i a g o n a l  
l i n e  t h e  c o h e s i o n  tests p e r f o r m e d .  T h e s e  t es t s  w e r e  p??!rformPd 
(1) Ham, S .  L . ,  F i n a l  R e p o r t ,  NASw-734, N O ~ .  27, 1963, I n v e s t i g a t i o n  
of Adhes ion  and  Cohes ion  o f  Metals i n  U l t r a h i g h  Vacuum. 
- 38 - 
i n  t h e  a p p a r a t u s  d e s c r i b e d  ea r l i e r  and  c l e a n e d  by w i r e  b r u s h i n g ,  
. ,  t h e  s p e c i m e n  t e m p e r a t u r e  was 125'C and  t h e  s p e c i m e n s  were a l l  
A f t e r  r e c o r d i n g  t h e  l o a d e d  f o r  15 m i n u t e s  a t  2000 l b s  f o r c e .  
b r e a k a p a r t  force f o r  t h e  v a r i o u s  s p e c i m e n s  i t  w a s  f o u n d  t h a t  a 
c o r r e l a t i o n  d i d  i n  f a c t - e x i s t  between c o h e s i o n  i n  metals  and  
h a r d n e s s .  Figure 1 0 , p a g e  4 0 , s h o w s  t h e  c o h e s i v e  f o r c e  measured  
p l o t t e d  a g a i n s t  t h e  B r i n e l l  h a r d n e s s  number which  is a measu re  
of  t h e  c o m p r e s s i v e  f l o w  stress f o r  t h e  metals tested. The 
f i g u r e  s h o w s ,  a l b e i t  w i t h  sca t te r ,  t h a t  t h e  c o h e s i v e  force 
be tween  s imi l a r  metal  spec imens  d r o p s  r a p i d l y  a s  t h e  h a r d n e s s  i n -  
c r e a s e s ,  becoming zero or c l o s e  t h e r e t o  a t  BHN + 150 r e g a r d l e s s  
o f  t h e  metal  b e i n g  tested. A t  t h e  s o f t  e n d  o f  t h e  h a r d n e s s  r a n g e  
c o h e s i o n  f o r c e  would seem t o  r i se  u n t i l  p l a s t i c  y i e l d i n g  of t h e  
gross spec imen  o c c u r s  t o  change  t h e  e x p e r i m e n t a l  c o n d i t i o n s .  
* I t  s h o u l d  b e  remembered a t  t h i s  t i m e ,  however ,  t h a t  t h e  
- 
s 
*'I 
. 
I B r i n e l l  h a r d n e s s  number l i m i t  o f  150 found  i n  t h i s  work is a v e r y  
s p e c i f i c  number found  a s  a r e s u l t  o f  a l i m i t e d  r a n g e  of t e s t  
v a r i a b l e s  and  t h a t  g e n e r a l i z a t i o n  a t  t h i s  t i m e  is d a n g e r o u s .  
I 
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Adhes ion  E x p e r i m e n t s  between D i f f e r e n t  Metal P a i r s  
When t w o  d i s s i m i l a r  metals a re  c l e a n e d  a n d  c o m p r e s s i o n  
l o a d e d  i n  a vacuum, a s  pe r fo rmed  d u r i n g  t h e  c o h e s i o n  tests 
p r e v i o u s l y  d e s c r i b e d  t h e  p r o c e s s  is c a l l e d  a d h e s i o n .  A series 
of s u c h  tes ts  were pe r fo rmed  w i t h  t h e  p a i r s  i n d i c a t e d  i n  .Tab le  
5 ,  page  3 2 , a l r e a d y  shown, E s s e n t i a l l y  two sets of a d h e s i o n  data 
w e r e  t a k e n :  1 )  a d h e s i o n  of  OFHC c o p p e r  t o  a v a r i e t y  of m e t a l s ;  
and  2 )  a s i m i l a r  series u s i n g  a commerc ia l  aluminum a l l o y  (6061)  
and  a f e w  g o l d  s p e c i m e n s  a g a i n s t  o t h e r  metals .  
F i g u r e 1 1 , p a g e  4 2 , i s  a p l o t  o f  t h e  a d h e s i o n  of p u r e  s o f t  
copper t o  o t h e r  metals a r r a n g e d  i n  o r d e r  of  i n c r e a s i n g  B r i n e l l  
h a r d n e s s  number.  T h i s  ser ies  t o o  was r u n  o f f  a t  125’C u n d e r  a 
2000 l b .  l o a d i n g  force f o r  f i f t e e n  m i n u t e s .  I n s p e c t i o n  of the.. 
c u r v e  c l e a r l y  shows a c o r r e l a t i o n  be tween  a d h e s i o n  and  h a r d n e s s .  
N o t  shown on t h e  c u r v e  is  t h e  f a c t  n o t e d  u n d e r  t h e  m i c r o ~ c o p e ’ ~  
t h a t  i n  e v e r y  c a s e  when t h e  s p e c i m e n s  were p u l l e d  a p a r t ,  t h e  
s o f t e r  of  t h e  two metals i n  t h e  p a i r  s t u c k  t o  t h e  h a r d e r  of the 
p a i r .  S p o t  tests and  s p e c t r o s c o p y  f a i l e d  t o  show any  m a t e r i a l  
t r a n s f e r  o f  t h e  h a r d  t o  t h e  s o f t  s a m p l e .  
L 
E f f o r t s  to f i n d  any  o t h e r  d i r e c t  c o r r e l a t i o n  be tween 
a d h e s i o n  and  a v a r i a b l e  s imi l a r  t o  t h o s e  shown f o r  h a r d n e s s  f a i l e d .  
A P i s t  o f  t he  f a c t o r s  which were p l o t t e d  a g a i n s t  c o h e s i o n  l o a d  
or  c o h e s i v e  stress and f a i l e d  t o  c o r r e l a t e  are  g i v e n  be low:  
Modulus o f  e l a s t i c i t y  
Modulus o f  s h e a r  
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FIGURE 11 
ADHESION LOAD VS. BRINELL HARDNESS FOR VARIOUS METALS AGAINST 
SOFT COPPER APPLIED FOR 2000 LB. LOAD AT 1259C FOR 15 MINUTES 
Mutual solubility at test temperature (in atomic %) 
Melting point in O K  
Electronegativity differences 
Electromotive potential of the couple formed 
Mutual diffusion coefficient at test temperature 
< 
. 
Stability of the oxide, nitride, etc. 
Here again it should be emphasized that although a "standard" 
test was used it represents but one possible time, temperature, and 
cleanliness condition for the test series and generalization 
should be approached with skepticism. 
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From t h e  d a t a  p r e s e n t e d  i n  t h e  s e c t i o n  on  w i r e  b r u s h  c l e a n i n g ,  
I i t  was f o u n d ,  a s  m i g h t  be e x p e c t e d ,  be tween  c o p p e r  s p e c i m e n s :  
1) c o h e s i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  t e s t  temperature 
2 )  c o h e s i o n  d o e s  n o t  i n c r e a s e  p r o p o r t i o n a l l y  t o  t h e  a p p l i e d  
l o a d  when s p e c i m e n s  are l o a d e d  o v e r  t h e  y i e l d  stress 
i 
c 
3) c o h e s i o n  is s t r o n g l y  dependen t  upon s u r f a c e  c l e a n l i n e s s  
( r e f l e c t e d  here i n  b r u s h i n g  t i m e )  
4 )  f a i l u r e  of  t h e  weld  i n  a d h e s i v e  p r o c e s s e s  o c c u r s  by 
p l u c k i n g  of t h e  s o f t e r  metal s u r f a c e  f rom t h e  m a s s  and  i t s  
r e m n a n t s  are l e f t  o n  t h e  h a r d e r  metal .  
S t r o n g  c o h e s i o n  was found t o  e x i s t  f o r  most  b u t  n o t  a l l  
c o u p l e s  of  i d e n t i c a l  metals  and a l l o y s  h a v i n g  a B r i n e l l  h a r d n e s s  .” 
number l e s s  t h a n  150 a t  125OC a f t e r  w i r e  b r u s h i n g  i n  a vacuum o f  
~ t o r r .  SAE 1018 (BHN 63) ,  Be-Cu (BHN 8 6 ) ,  2024 T4 (BHN 120)  9‘’ 
. 
* 
\ 
* 
f a i l e d  t o  c o h e r e  i n  t h e s e  tests.  
S t r o n g  a d h e s i o n  was found t o  e x i s t  be tween  c o u p l e s  of  
d i s s i m i l a r  metals (when o n e  of t h e  metals was s o f t e r  t h a n  BHN 150) 
by a d h e s i o n  of  t h e  s o f t e r  t o  t h e  h a r d e r  metal .  The c o m b i n a t i o n s  
SAE 1018 - A I  2024-T4, c o i n  s i l v e r :  6061-0 ,  i n d  Be Cu-6061 f a i l e d  
t o  a d h e r e  i n  t h e s e  tes ts .  
Wire b r u s h i n g  is a s a t i s f a c t o r y  method of c l e a n i n g  t es t  
c o u p l e s  f o r  vacuum c o h e s i o n  work a t  18 t o r r  a l t h o u g h  i t  p r o d u c e s  - 9  
a d e g r e e  of s u r f a c e  r o u g h e n i n g .  
I n  s p i t e  of  t h e  known t e n d e n c y  €or  aluminum t o  c o l d  weld  t h e  b 
L' 
a l l o y  2024-T4 (€3" 120)  f a i l e d  t o  show s i g n i f i c a n t  a d h e s i o n  t o  
e i t s e l f  and  t o  s t ee l  (SAE 1018)  unde r  test  c o n d i t i o n s .  I t  would 
t h e r e f o r e  seem p r o f i t a b l e  t o  r e - e v a l u a t e  t h e  e f f e c t s  of a l l o y i n g  
and  d i s p e r s e d  p h a s e s  on t h e  c o h e s i o n  p r o c e s s  a s  i t  may be 
remembered t h a t  Be Cu a l s o  shows l i t t l e  t e n d e n c y  t o  s t i c k  t o  it- 
s e l f  i n  t h e  h e a t  t r e a t e d  c o n d i t i o n .  
\ 
i A d h e s i o n / c o h e s i o n  be tween m e t a l  c o u p l e s  becomes a p p r e c i a b l e  
a s  t h e  t e m p e r a t u r e  a p p r o a c h e s  0.30 of  t h e  m e l t i n g  p o i n t  of t h e  
lower  m e l t i n g  metal. 
L 
\ 
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